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Surface morphology features of point contact gas sensors based on Cu-TCNQ

compounds

The 7,7,8,8-tetracyanoquinodimethane (TCNQ) radical anion salt compound was used as the
sensitive material of gas point contact sensors. The phase composition and surface morphology of
the obtained sensor films were established. It was found correlation between surface morphology
of the point-contact transducer and definite type of the sensor response curve observed under
action of the human breath gas. If the sensor sample is formed from numerical crystals of the
same or similar sizes having a uniform shape, similar to a shell, and clearly defined external
borders it indicates to the creation of defect-free Yanson point contacts in the process of soft
electrochemical synthesis. As a result, the surface of the sensor is a complex multistructure of a
numerous number of Yanson point contacts, which generates a large output signal from the
sensor in response to the action of the analyte. When crystals of Cu-TCNQ compound forming
samples under investigation have lower density, large size, distorted and full of fractures
boundaries, it prevents the formation of high-quality point contacts. These morphologic
peculiarities are typical for samples with low level of response signal. In the case of extremely
low density of Cu-TCNQ crystals observed in the sample surface the sample does not show any
response to the action of the human breath gas.

Keywords: gas sensor; Yanson point contact; breath analysis; metal-polymers;
electrochemical deposition;

1. Introduction

Studies of nanostructured objects have become increasingly important in recent years due
to the wide possibilities of using such materials [1]. The area of their application can vary greatly
— from construction materials to materials for electronics and medicine. Gas nanosensors are one
of the important fields in which they are used [2]. In advanced nanosensors, promising properties
have been demonstrated by carbon nanotubes [3, 4]. However, despite the indisputable
advantage of carbon-nanotube-based sensors, including ultra-high sensitivity to the analyte [5]
and the possibility of functionalization [6], they also have a noticeable disadvantage — the long
relaxation time after exposure to a gas agent [7].

One of the most perspective applications of nanosensors is their use as sensors for
analyzing human breath gas [8]. They have already shown their high efficiency as tools for early
non-invasive detection of lung cancer, which is not an easy task for other methods used in this
area [9]. A peculiarity of breath gas used as analyte is a very high number of specific
components, as well as their ability to react with each other over short periods of time. The
various components are of different nature and origin, including gastrointestinal tract, lungs, oral
cavity, or various exogenous factors, such as smoking and the environment state. The number of
compounds in the breath gas may amount to 2000 [10]. Some of these components carry
information about the metabolic state of the human body. The ability to detect these components,
differentiate one from another, and associate them with various pathogens or conditions, is a key
to successful implementation of these sensors in a wide medical practice [11].

Currently, the so-called electronic noses are widely used as sensors for human breath gas
[12]. They present a set of several conducting structures, mainly nanostructures, with various
electrophysical properties and, therefore, different response parameters to various gas
components. However, their significant disadvantage is the complexity and long duration of the
processing of the results, which is related to the capabilities of modern computer technology



[13]. As a result, such sensors are usually able to identify about 20-30 components of the gas
mixture in real conditions. This fact limits significantly the area of their possible application.

In recent years, an alternative and fundamentally different approach to the sensor analysis
of complex gas mixtures has manifested itself to be more powerful [14]. Its main idea is to use
gas sensors based on Yanson point contacts. Point contacts are the main tool of the Yanson point
contact spectroscopy, which is based on the fundamental theory and wide practice of studying
fine structures of condensed phases [15]. The Yanson point contact spectroscopy has been
studied well and is widely used because it’s relatively easy to use and, most importantly, makes
it possible to determine with high accuracy the electron-phonon interaction function [16]. It has
turned out that Yanson point contacts, thanks to their unique properties, are a promising basic
element of nanostructured gas sensors [17].

A large group of chemical gas sensors are devices based on their ability to change their
electric resistance in response to the action of a gas medium. In the zeroth-order approximation,
this feature reflects the change in the cross-section area of the sensor conducting channel due to
the modification of its surface layer. It thus becomes clear that the greater the surface-to-volume
ratio of the sample, the higher the sensitivity of the gas sensor. Yanson point contacts, in their
turn, are electrical contacts between two massive electrodes formed in a space smaller than or
comparable to the mean free path of charge carriers in the material. Hence the small size of such
contacts, normally a few nanometers, which results in a large surface-to-volume ratio for the
conductor and, therefore, in a high sensitivity of the sensors. But geometrical factor is not the
main cause of the extreme possibilities of the point-contact nanosensors [18]. Their extra
performance are determined, first of all, by the basic properties of Yanson point-contacts. Here
are some relevant examples. The potential distribution in the Yanson point contact is quite
specific with the drop observed directly in the contact area. It means, that the entire electric field
is concentrated in the point contact and the changes of its electric resistance affect the changes of
the resistance of the entire system [14, 18]. Due to the fact that the thermal energy emission
caused by inelastic scattering of electrons does not occur in the contact area, it is possible to
reach a very high current density in these objects — up to 10’ A/cm? at room temperature [17].
Under the action of a high-density current, adsorbed gas molecules desorb from the contact
surface in a few seconds or minutes, with the surface returning it to its original state without any
additional processing.

In the previously published works, we showed the high efficiency of point-contact gas
sensors based on tetracyanoquinodimethane compounds in the studies of human breath gas
aimed at differentiating among the various strains of Helicobacter pylori bacterium [19, 20]. The
sensors used in these works were selected from the manufactured batches of sensors according to
a special procedure using the criteria described in [21]. In these batches of sensors, along with
selected high-quality samples, there were also sensors with a low level of output signal for the
action of human breath gas. In order to understand the reasons for the appearance of differences
in the response signals of samples of point-contact sensor arrays based on TCNQ compounds to
the action of human breath gas, the task was set to study the state of the surface of the obtained
point-contact sensors, since the surface of the sensor structure has a significant effect on its
operation. Based on this, the purpose of this research was to study the surface morphology of
various point-contact sensors and to make an appropriate analysis to identify the possible
relationship of this factor with the nature of the sensory response to the action of human breath
gas.



2. Materials and methods

Anion-radical salt 7,7,8,8-tetracyanoquinodimethane (TCNQ) was used as a sensitive
material to obtain a point-contact sensor array. The reason for this choice is the features of the
crystal structure of this material and its electrophysical properties. Crystals of these salts grow
mainly in the form of nanoneedles, nanotubes or nanopellets with a characteristic packing of
molecules in stacks [22, 23]. Yanson point contacts are formed in the contact areas of these
crystals. So we used the Chubov technique, which is applied in the Yanson point contact
spectroscopy to obtain similar nanostructures [24].

During the study, two types of objects were obtained — functional and model samples.
While functional sensors were used directly to study their response to the action of a gas medium
and determine the relationship between the surface morphology and the response parameters,
model samples were used to determine the dependence of the morphology and structure on the
deposition regimes.

Functional samples were obtained by means of combined electrochemical deposition of
the salt from a saturated solution of acetonitrile in constant voltage mode in accordance with the
procedure described in Ref. [23]. Model samples were obtained in the way described below. At
first, copper was thermally deposited on a single-crystal silicon substrate with a (100) surface
orientation. The thickness of the obtained copper film was 300 nm. Then, the obtained samples
were subjected to electrochemical and combined electrochemical deposition in various regimes,
similar to and different from those used to obtain functional sensors.

During the deposition, the TCNQ salt reacted with copper on the substrate, forming the
Cu-TCNQ compound by the direct oxidation reaction [25]:
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The use of copper is due to the fact that this material has a high specific conductivity and
is quite technological, which is important for the creation of Yanson point contacts. In addition,
copper salts based on TCNQ compounds are well studied and possess the necessary
physicochemical properties for the creation of point-contact sensors. For model samples of
sensors, the thickness of the copper film was determined in the process of its thermal deposition
using a piezoelectric crystal. For functional samples of sensors, the thickness of the copper foil
was standard (0.5 mm), since for their production, factory textolite substrates for electronics
were used.

One of the two phases of polymorphic compounds Cu-TCNQ could be formed during the
reaction [14]. The phase composition of the obtained samples was determined using Xx-ray
diffraction.

X-ray diffraction studies were carried out using a PANalitycal X'Pert Pro X-ray
diffractometer. A 6-26 scan was performed in the 20 range of 10-80° with a scan speed of
3°min™ in the K, radiation of copper. The studies were carried out on the basis of the model
samples; single crystal silicon with a surface orientation of (100) was used as the substrate. The
surface morphology of the samples was studied using a scanning electron microscope
A JSM-6390LV.



To record the sensor response to the action of breath gas in real-time regime, we used a
portable measuring system created by our research group, which was connected to a personal
computer with the original software SensorResponce made in B. Verkin Institute for Low
Temperature Physics and Engineering. The sensor response was recorded by measuring the
voltage drop on a precision 1 MQ resistor connected in series with the sensor. The output was
amplified by 10 times. The data obtained using the portable measuring complex were checked
with a Keithley 2100 multimeter. More details can be found in Refs. [19, 21].

To measure the sensor response to the action of human breath gas, a specific
measurement technique similar to the one used in medical studies was implemented [20, 26].
Measurement of the temporal dependence of the sensor conductance was performed during the
action of a given gaseous medium. A typical sensor response to the breath gas is shown in Fig. 1.
There are curves obtained under action of the breath gas of the same person for sensors from 3
different banches. Parameters used to analyze the response curve are also presented here.
Various metabolic states of the human body can be determined using different combinations of
these parameters [27].
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Figure 1 — Response curves of point-contact sensors based on TCNQ compound for the healthy
person under the action of breath gas. Vs— voltage drop, which occurs in the sensor; t —time; 1 —
response curve of the functional sensor with a typical response of high magnitude; 2 — response

curve of the sensor of low magnitude, which was not be practically used; 3 — response curve of



the sensor of extremely low magnitude and significant distortion of the response parameters.
Some characteristic parameters of the response curve (see, for example Ref. [19]): t; — exposure
time; t;—relaxation time; Max; — maximum of the exposure period; Max, — maximum of the
relaxation period; p12 — ordinate of the final segment of the exposure phase; d; = tga — slope of
the initial part of the exposure peak; d,; = tgf — slope of the initial part of the most intense peak
in the relaxation period; d, = tgy — slope of the final part of the most intense peak in the

relaxation period,

It should be noted that breath gas is a highly composite system with a large amount of
equilibrium and nonequilibrium dynamic interactions among the constituents. The components
of such a rich gas mixture form in that way a certain breath profile, reflecting specific organism
dysfunctions and metabolic disturbances. The analysis of breath can be performed through its
profile which contains information about adsorption energies of the components of the gas
mixture which can be considered to be in a quasi-equilibrium state at the moment of
measurement. Due to quantum nature of their electric properties Yanson point contacts are able
to record fine variations of superficial states of the point contact conductivity channel which are
caused with adsorption of an external agent. The registration procedure is performed with the
highest possible resolution of one conductivity quantum which is equal to addition of one atom
to the point-contact channel [28, 29]. This makes it possible to record response signals of a
spectral type by point-contact sensors [14, 19]. The characteristic parameters of the response
curve, some of which are shown in Fig. 1 are used to describe the sensory profile of the breath
gas and make it possible to find differences in the states of a healthy and diseased organism. The
characteristic parameters of the point-contact sensor response curve and their application are
described in detail in Refs. [19, 20, 26].

3. Results and discussion

To determine the relationship between the morphology of the obtained sensors and type
of the sensor response curve observed under action of the human breath gas, a set of 3 different
groups of sensors was used. The first group included sensors, the general view of the surface of
which is shown in Fig. 2. They exhibit a typical response of large amplitude to the action of
breath gas. The response curve of sensor device belonged to this group is shown as curve 1 in
Fig. 1. It should be noted that based on the ease of practical use, we conditionally classified the
levels of the response signal according to its maximum intensity. With a maximum signal
intensity of more than 0.4 V, the sensor was considered functional, since it had a response curve
with large amplitude and features with good resolution. Such a response curve could be easily
recorded and processed using a portable device [19, 20]. With a maximum response signal
intensity of less than 0.4 V (Fig.1, curve 2), the sensors belonged to the group of samples with a
low signal level (the second group in our case) and were not used for practical purposes. The
general view of the surface of such samples is shown in Fig. 3. The third one consisted of
samples (Fig. 4), which showed no or extremely low response to the action of the gas mixture
(Fig.1, curve 3) that could be measured within the sensitivity of the recording devices.



Figure 2 — Micrographs of the sensitive surface of high-quality functional sensors at different

scales.

As can be seen in Fig. 2, a high-quality functional sensor consists of a large amount of
Yanson point contacts formed by layered Cu-TCNQ crystals contacting each other. It follows
from the above photographs that the crystals have a uniform shape, similar to a shell, and clearly
defined external borders. The sensor sample is formed from crystals of the same or similar sizes.
The crystal distribution is uniform over the surface of the sample. The scaly layered structure
typical to the crystals of organic conductors can be seen [22, 30]. The contacts are formed by
synthetic crystals contacting each other without any visible distortion of their structure in the
contact area. This fact indicates formation of defect-free Yanson point contacts in the process of
soft electrochemical synthesis with a high degree of probability. And this, in turn, points to the
possibility of them functioning under the conditions of a ballistic regime of current flow. As a
result, the point contacts of this sensor array are able to work without destruction under
conditions of high density current, which is confirmed by the high durability of these sensor
samples in real usage [19]. It is found that there are about 5-6*10* point contacts of this type for
every square millimeter of a high-quality functional sensor surface. Thus, the surface of the
sensor is a complex multistructure of a large number of Yanson point contacts, which generates a
large output signal from the sensor in response to the action of the analyte.
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Figure 3 — Microphotographs of the sensitive surface of the sensor displaying a low-amplitude

response.

Let us consider microphotographs of the sensors with a low level of useful signal. The
response curve of sensor device belonged to this group is shown as curve 2 in Fig. 1. It can be
seen from Fig. 3 that scaly layered Cu-TCNQ crystals for sensors with a low response amplitude
have a larger size and less uniformity than similar crystals for high-quality samples. Crystal
boundaries are smeared and full of fractures. In some cases, contacts are formed on a large area.
These structural features prevent the formation of high-quality Yanson point contacts. Contacts
with this surface morphology most likely have distortions of the crystalline structure or other
crystallographic defects, which reduces the mean free path of charge carriers [15]. This leads to
an extra electron scattering, which reduces the magnitude of the useful signal caused by
adsorption processes. In addition, the density of such crystals is also significantly lower, which,
in turn, reduces the amount of functional contacts.

15kV X5,000 0002 42+

Figure 4 — Microphotographs of the sample surface showing no response to the action of breath

gas which can be registered within the sensitivity of the available instruments.



As can be seen in Fig. 4, crystals of Cu-TCNQ compounds for samples that do not show
any response to the action of the gas medium have an extremely low density. It means that no
sufficient number of point contacts and conducting channel can be formed between them. The
response curve of sensor device belonged to this group is shown as curve 3 in Fig. 1.

Since the Cu-TCNQ compounds have a polymorphic nature [31], x-ray diffraction
patterns were obtained to determine their phase composition. Figure 5 shows the range of angles
260 = 10-30°, in which the diffraction peaks of these compounds fall. In the present study, we
used model samples deposited in regimes analogous to those used to obtain functional sensors
and significantly different from them. It was found, however, that in all deposition regimes, the
surface of the samples consisted of polycrystalline copper and the first phase of Cu-TCNQ
compound, which implies that in real deposition regimes recrystallization into the second phase
IS unattainable.
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Figure 5 — XRD — pattern of model samples.

To determine the effect of various deposition regimes on the obtained surface
morphology of the samples, several batches of model objects were obtained and their surface
was studied.



Figure 6 — A micrograph of the surface of a model sample obtained by combined

electrochemical deposition in a constant-voltage mode of 2.5 V for 7 minutes under forced

convection regime.

As one can see in Fig. 6, for deposition regimes used to obtain model samples which
were identical to that used to obtain functional objects a similar surface morphology was
observed. A large number of layered Cu-TCNQ crystals of relatively low density are clearly
visible. This may be due to the fact that the thickness of the copper foil used for the deposition of
functional sensors is several orders of magnitude greater than the thickness of the copper film
(300 A) used for the deposition of model samples.
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Figure 7 — A micrograph of the surface of a model sample obtained by combined

electrochemical deposition in a constant-voltage mode of 2.5 V for 7 minutes without forced
convection regime.



As can be seen in Fig. 7, in the case of deposition of samples during the same time but in
the absence of the forced convection, i.e., by pure electrochemical deposition, a drastically
different surface morphology is formed. The crystals become larger; the layering is smoothed.

Figure 8 — A micrograph of the surface of a model sample obtained by combined

electrochemical deposition in a constant-voltage mode of 2.5 V for 5 minutes under conditions

of forced convection.

As can be seen in Fig. 8, with a decrease in the deposition time, the number of scaly
crystals decreases and smaller crystallites occupy a large part of the surface. It is found that
sensors with a similar surface morphology of the gas sensitive layer have low response
amplitude when exposed to the gas medium.

4. Conclusion

The phase composition and surface morphology of the obtained sensor films were
established. It was found correlation between surface morphology of the point-contact sensor and
definite type of the sensor response curve observed under action of the human breath gas. A
high-quality functional sensor consists of a large amount of Yanson point contacts formed by
layered Cu-TCNQ crystals contacting each other. Numerous Yanson point contacts are
combined in a complex multistructure which generates a large output signal from the sensor in
response to the action of the analyte. A decrease in the density of Cu-TCNQ crystals leads to a
decrease in the concentration of Yanson point contacts in the sensor multistructure and,
ultimately, to a decrease in the intensity of its output signal. The studies performed in this work
allow us to improve the understanding of the nature of point-contact sensors based on TCNQ
compounds and create the prerequisites and opportunities for their wide practical use.
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